[1] The plate motion of India changed dramatically between 50 and 35 Ma, with the rate of convergence between India and Asia dropping from $15 to $4 cm/yr. This change is coincident with the onset of the India-Asia collision, and with a rearrangement of plate boundaries in the Indian Ocean. On the basis of a simple model for the forces exerted upon the edges of the plate and the tractions on the base of the plate, we perform force balance calculations for the precollision and postcollision configurations. We show that the observed Euler poles for the Indian plate are well explained in terms of their locations and magnitudes if (1) the resistive force induced by mountain building in the Himalaya-Tibet area is $5-6 Â 10 12 N/m, (2) the net force exerted upon the Indian plate by subduction zones is similar in magnitude to the ridge-push force ($2.5 Â 10 12 N/m), and (3) basal tractions exert a resisting force that is linearly proportional to the plate velocity in the hot spot reference frame. The third point implies an asthenospheric viscosity of $2-5 Â 10 19 Pa s, assuming a thickness of 100-150 km. Synthetic Euler poles show that crustal thickening in the Tibetan Plateau was the dominant cause of the Cenozoic slowdown of the Indian plate.
Introduction
[2] Plate reconstructions [e.g., Patriat and Achache, 1984; Royer and Patriat, 2002] show that the convergence velocity between India and Asia, and the position of the Euler pole that describes the relative motion, changed dramatically at $50-35 Ma (Figure 1 ). The rate of convergence started decreasing at about the time of the initial contact of the Indian and Asian continental margins and the cessation of marine sedimentation in the western Himalayas [e.g., Guillot et al., 2003; Rowley, 1996] . The relative velocity continued to decrease as the Himalayan orogen developed and the Tibetan Plateau was uplifted. Rowley and Currie [2006] suggest the Tibetan Plateau had attained close to its current elevation at $35 Ma, after which the Indian plate motion stabilized. The plate boundaries in the Indian Ocean were becoming rearranged at around the same time [e.g., Liu et al., 1983] (Figure 1 ). Despite the uncertainties involved in dating past tectonics events, it seems clear that the reorganization of the Indian plate boundaries and the dramatic slowdown of India relative to Asia occurred at around the time of continent-continent collision in Tibet, suggesting some causal relationship [e.g., Molnar and Tapponnier, 1975; Patriat and Achache, 1984] . In this paper we further investigate this possibility, based on an analysis of the forces applied to the Indian plate, and how they have changed with time as the collision developed.
[3] We will first present an updated model of the kinematics of the Indian plate, and discuss how this model compares with the chronology of mountain building in Asia. We next describe the forces acting upon the boundaries and base of the Indian plate. By requiring the net force on the plate to be zero (because plates must be in quasi-static equilibrium), we are able to estimate the magnitudes of the plate boundary forces and basal tractions. We then use the estimated basal tractions to infer the mechanical properties of the asthenosphere. Finally, we discuss the causes of the Cenozoic slowdown of the Indian plate, and the implications of our study for the wider debate on the forces driving plate tectonics.
Motion of the Indian Plate and Tectonic Evolution of the India-Asia Collision
[4] The motion of India relative to stable Eurasia can be reconstructed from the history of spreading in the Indian and Atlantic oceans and the rifting in east Africa [e.g., Patriat and Achache 1984] . Various reconstructions have been proposed, and for the purposes of this study we have updated the previous models based on the most recent analysis of magnetic anomalies in the Indian and Atlantic oceans ( Figure 2) . We used the rotations of DeMets et al. The black line shows the rate of convergence between India and Asia since 75 Ma (at a point currently located at 28°N, 80°E). The gray bands show the timings of notable events in the history of the India-Asia collision. Also shown are the timings of eclogite formation and exhumation [e.g., de Sigoyer et al., 2000; Guillot et al., 2003] , which probably record the end of subduction in the region. The collision is thought to have begun at the western part of the plate boundary (i.e., the dates shown here for the initial contact of the continental margins and the end of marine sedimentation) and propagated eastward over the subsequent 5 -10 Ma [e.g., Rowley, 1996] . feature of our reconstruction is the sudden decrease in velocity at $50 Ma, followed by a more gradual decrease until $35 Ma (Figure 1 ). This slowdown occurred at the time of a major reorganization of plate boundaries in the Indian Ocean. The Wharton mid-ocean ridge was abandoned (WR on Figure 3a ), active spreading ceased in the northeastern Indian Ocean, and the Indian plate approximately tripled in size to include the region of the Australian continent [e.g., Liu et al., 1983] . This present-day plate is also referred to as the Indo-Australian plate, but in this paper ''Indian plate'' is taken to mean the plate that, at the time in question, includes the Indian continent. In what follows, we will refer to the situation of the Indian plate before the rearrangement of plate boundaries and mountain building in Tibet as the ''precollision'' plate. The configuration after the abandonment of the Wharton ridge and the growth of the Tibetan Plateau is referred to as the ''postcollision'' plate.
[5] Our reconstructions additionally show that the Euler pole of India in the hot spot reference frame moved east by $40°during the time interval when the rate of convergence relative to Asia decreased and the plate boundaries became reorganized. The small white triangles in NW Africa shown on Figure 3a show two estimates for the Euler pole of the precollision Indian plate. The poles are averaged over the time interval 51.74-64.75 Ma (magnetic anomalies 23o to 29o) in order to remove the effects of shorter-timescale variations, probably related to uncertainties in the plate reconstructions. During this time the plate velocity in the hot spot reference frame was uniformly high. The northeastern triangle is an estimate of the pole position obtained from the plate circuit: India -Central Indian Basin [DeMets et al., 2005] , Central Indian Basin -East Africa [DeMets et al., 2005; Royer and Patriat, 2002] (see Appendix A), East Africa -East Antarctica [Royer and Chang, 1991; Bernard et al., 2005] , East Antarctica -West Antarctica [Cande et al., 2000] , West Antarctica -Pacific , Pacific -hot spots [Wessel et al., 2006] . The southwestern triangle was obtained using the poles of relative motion between the Central Indian Basin and east Antarctica directly [Royer and Chang, 1991; Müller et al., 1997] , rather than using the circuit India-Africa-Antarctica, and then following the same plate circuit as above. Poles from both plate circuits have been shown to give an indication of the likely uncertainties in pole position. The small black diamonds in NE Africa show the Euler pole locations from plate reconstructions averaged over the time period 0 -26.55 Ma (magnetic anomaly 8o), when the motion of India was uniformly low. The northwestern pole represents the plate circuit via Africa, as described above, and the southeastern pole represents the reconstruction using the circuit not involving Africa.
[6] We have compared our plate reconstruction with the one published recently by Molnar and Stock [2009] . Both models show a significant decrease in convergence rate at $50 Ma, but differ for more recent times. These differences are due to the fact that (1) we use different plate reconstructions in the Indian Ocean (using the circuit IndiaCapricorn-Somalia [Royer and Patriat, 2002; DeMets et al., 2005] , rather than India-Somalia directly Merkouriev and DeMets, 2006] , and (2) we use the central and north Atlantic reconstructions of Müller et al. [1999] and Gaina et al. [2002] , rather than those of McQuarrie et al. [2003] (which are based upon Klitgord and Schouten [1986] , Srivastava and Tapscott [1986] , and Srivastava et al. [1990] ). Both studies use the north Atlantic reconstructions of Merkouriev and DeMets [2008] for the time 0-20 Ma. Appendix A shows in detail the differences in convergence rate calculated from our reconstructions and those of Molnar and Stock [2009] , and the relative effects of Figure 2 . The plate circuit used to derive the velocity of India relative to Asia shown in Figure 1 . The dotted area shows a region of diffuse deformation in the northeast Indian Ocean [e.g., Gordon et al., 1998 ]. Plate boundaries are from Bird [2003] . Abbreviations are I, India; C, Capricorn; S, Somalia; NWA, northwest Africa; NAM, North America; EUR, Eurasia. When computing the convergence velocity between India and Asia, we have taken account of the relatively minor and diffuse deformation between the Indian and Capricorn ''subplates.'' However, when performing force balance calculations for the plate, we have assumed that the plate boundary stresses are transmitted across this region and that entire ''Indo-Australian'' plate behaves in a rigid manner. Figure 3 . (a) The geometry of the Indian plate at 50 Ma (in white) and at the present-day (in black). The Wharton mid-ocean ridge is labeled WR in the 50 Ma geometry. The white triangles in NW Africa show Euler poles for India in the hot spot reference frame for the time $52 -65 Ma, from the plate reconstructions described in the text. The black diamonds in NE Africa also show Euler poles for India in the hot spot reference frame but for the time $27-0 Ma. (b) The large triangles and diamonds, joined to the smaller Euler pole symbols by black lines, show the orientations of the corresponding basal drag torques. The white circles show the orientations of the plate boundary torques for the precollision plate geometry. Fa represents the force per unit length applied to the Indian plate by the subduction zone beneath Asia on the northeastern margin of the plate. The black circles show the plate boundary torques for the postcollision geometry. Fs corresponds to the force per unit length applied to the Indian plate by subduction zones, not including the plate boundary segment currently occupied by the Tibetan Plateau. Ft corresponds to the force per unit length applied by the plate boundary segment that corresponds to the present-day Tibetan Plateau (with negative values indicating a force directed southward, resisting the current motion of the plate). For the postcollision torques, solid lines represent lines of constant subduction zone force, and dashed lines represent lines of constant force from the region of Tibet. (c) Synthetic Euler poles, calculated as described in the text, for the modern plate geometry. using alternative rotation parameters in the Atlantic and Indian oceans. Our reconstructions do not show the significant velocity change at $20 Ma described by Molnar and Stock [2009] , and in this paper we concentrate our attention on the possible causes of the major velocity change that occurred between $50 and $35 Ma.
[7] The elevation history of the Tibetan Plateau is a source of much debate. Some authors have argued that the current elevation of the plateau was acquired significantly later than the onset of collision, possibly at 7 -10 Ma, and would have been the cause of the strengthening of the Indian monsoon at that time [e.g., Molnar et al., 1993] . Molnar and Stock [2009] review the evidence for increased tectonic activity on the margins of the Tibetan Plateau since $15 Ma, which they suggest may be related to elevation changes in the central plateau. However, recent geological evidence points to an earlier date of uplift. Aikman et al. [2008] suggested that significant crustal thickening had occurred prior to 44 Ma, and Rowley and Currie [2006] documented elevations in central Tibet which are similar to the present-day using samples dated at $35 Ma. In addition, climate models have shown that the changing distribution of the Neotethys Sea has as important an effect on monsoon intensity as mountain building in Tibet [e.g., Ramstein et al., 1997; Fluteau et al., 1999] , so the Late Miocene strengthening of the monsoon is not necessarily an indicator of coeval uplift in Tibet. Given the agreement between Rowley and Currie's [2006] estimate of when the plateau attained close to the current elevation and the date at which the India-Asia convergence stabilized, we rather test the hypothesis that the growth of topography in Tibet can explain the dramatic change in India's motion at $50-35 Ma.
Forces Exerted Upon the Indian Plate

Mid-ocean Ridges
[8] Young oceanic lithosphere formed at mid-ocean ridges is hotter than the lithosphere beneath old seafloor, so the surface lies at higher elevations. As a result, at depths above the level of isostatic compensation, the pressure is higher below ridges than below older seafloor. The magnitude of the pressure difference, and hence the horizontal ''ridge-push'' force that the ridges exert upon the surrounding plates, can be estimated using a plate cooling model [e.g., Parsons and Richter, 1980] . The torque about the center of the Earth which results from ridge push can therefore be calculated by integrating over the area of the plate the potential energy differences due to cooling (using the seafloor age distribution [Müller et al., 2008a] ). A simpler alternative approach consists of treating ridge push as a force on the margin of the plate, acting perpendicular to the ridge. We have compared the two approaches and found that for the present-day Indian plate the two methods yield approximately the same estimate if the line force is taken to be $3 Â 10 12 N per unit length parallel to the ridge, a value similar to previous estimates [e.g., Parsons and Richter, 1980] . For the precollision Indian plate the seafloor age is poorly known in some regions, such as the now consumed Tethyan ocean floor north of continental India. However, the locations of the active ridge segments are relatively well known [e.g., Müller et al., 2008b] , so in the calculations below we estimate the effect of ridge push on the precollision plate using only the simplified approximation of line forces.
Mountain Belts
[9] As is the case with mid-ocean ridges, mountain belts represent areas of isostatically compensated topography. As such, they exert a force upon the neighboring plates [e.g., Artyushkov, 1973] . The magnitude of this force can be estimated by considering the potential energy differences between the mountains and the adjacent lowlands, which can be calculated using elevation and crustal thickness contrasts [e.g., Molnar and Lyon-Caen, 1988] . We have estimated the potential energy difference between the mountains and lowlands of New Guinea and of the southern island of New Zealand. According to these calculations, the mountain belts exert a force upon the Indian plate of $4 Â 10 12 N/m and $2 Â 10 12 N/m, respectively (Appendix B gives details of the calculations). The locations where these forces were applied our calculations are shown by the plate boundary segments marked with black squares on Figure 3a . The magnitude of the force exerted upon the Indian plate by the Tibetan Plateau has been varied in our calculations.
Subduction Zones
[10] As subducting slabs sink into the mantle, the relatively high density of the cool material results in a gravitational force that acts to move the plates toward the subduction zones. It is possible to calculate the density anomaly associated with sinking slabs using models for the temperature structure. However, the resistive forces exerted on the subducting slab and the stresses associated with the bending of the plate also need to be taken into account. These quantities can have a large effect upon the force balance of subduction zones [e.g., Conrad and Hager, 1999; Billen and Gurnis, 2001 ], but are relatively poorly known. The magnitude of the net force exerted by subduction zones upon the neighboring plates is therefore not well known. For example, some authors have estimated that the gravitational force due to the mass of the slab is almost entirely balanced by local resisting forces [e.g., Forsyth and Uyeda, 1975; Richardson, 1992] , while, on the contrary, others have suggested that the majority of the forces driving plate motions arise from subduction zones [e.g., LithgowBertelloni and Richards, 1995].
[11] For simplicity, we have assumed that the net force per unit length exerted upon the Indian plate is the same along all of the boundaries where the plate is subducting. We have then varied the magnitude of this force. The buoyancy force and the depth extent of seismicity both depend on temperature [e.g., Emmerson and McKenzie, 2007] . We are therefore encouraged in our assumption by the similar distribution of seismicity with depth along the boundaries where the Indian plate subducts: continuous seismic zones typically extend to depths of 200 -300 km, and a small number isolated earthquakes are seen deeper than 500 km [Engdahl et al., 1998 ]. The exception is in the southeastern $2500 km of the subduction zone that extends from New Guinea to mainland Asia, which comprises roughly a quarter of the length of subducting Indian plate. Here, a continuous seismic zone extends from the surface to depths of 600-700 km [Engdahl et al., 1998 ].
[12] In addition, we have used the estimates of Lamb [2006] for the magnitudes of the forces transmitted across the Tonga and Hikurangi subduction zones, where the Pacific plate subducts beneath the eastern margin of the Indian plate.
Strike-Slip Boundaries
[13] Morgan and Parmentier [1984] studied the stress state at the intersection of mid-ocean ridges and transform faults and inferred that the forces transmitted across the transform faults must be relatively small. Most large continental strike-slip faults have also been shown to be relatively weak [e.g., Mount and Suppe, 1992] . In our study, we estimate the force transmitted across strike-slip faults, including transform faults on mid-ocean ridges, assuming a constant shear stress of 20 MPa (similar to stress drops observed in earthquakes) extending from the surface to 20 km depth. Accordingly, the force per unit length transmitted across strike-slip boundaries is less than one fifth of that resulting from mid-ocean ridges. Because the magnitude of this force is small, varying it to be either zero, or double the value we estimate here, has only a small effect on the results of our calculations.
Basal Tractions
[14] The magnitude of the traction exerted on the base of the plates by relative motion between the surface and the underlying mantle is particularly poorly known. Measurements of seismic anisotropy at depths that correspond to the base of the Indian lithosphere (e.g., 200-250 km in the continents and 100-150 km in the oceans) show anisotropy with the fast propagation direction aligned with the absolute plate motion direction [e.g., Leveque et al., 1998; Debayle et al., 2005] . These observations suggest that shear in the asthenosphere, accommodating relative motion between the lithosphere and deeper mantle, is creating the anisotropic signature. The anisotropy also suggests that local variations in the direction of mantle flow due to the complexities of mantle dynamics may be neglected to the first order. Therefore, for simplicity we assume that the tractions on the base of the plate everywhere act parallel to the motion of the plate relative to the mantle, which is assumed fixed with respect to the hot spot reference frame. However, it is not possible to determine from seismic observations whether the basal drag is a driving or resisting force. It is also unclear if the asthenosphere has a Newtonian or non-Newtonian rheology, and so if the tractions are linearly or nonlinearly proportional to the plate velocity. For simplicity we assume a Newtonian rheology and then examine the validity of this assumption in section 5.2.
Balance of Forces on the Indian Plate
Calculation of Torques
[15] Since accelerations in the solid Earth are negligible, the net torque resulting from all the forces exerted on the Indian plate must be zero. This means that the net torque resulting from all the plate boundary forces (the ''plate boundary torque'') must balance the torque resulting from the basal tractions, which we call the ''basal drag torque.''
[16] The torque about the center of the Earth resulting from a force acting upon a plate is given by
where r is the radius vector to the point where the force is applied, and f is the force. For plate boundary forces the integration is along the length of the plate boundary being considered, and for basal tractions the integration is over the area of the plate. The computation of the torques resulting from the various plate boundary forces described in section 3 is straightforward. We represent the orientations of these torques on maps by showing the location at which the torque vectors, originating from the center of the Earth, would intersect the surface.
[17] We use Euler poles of India in the hot spot reference frame to calculate the torque vector that results from the motion of the Indian plate relative to the underlying mantle. We assume the asthenosphere has a uniform viscosity. We have varied the magnitudes of the resisting force due to the India-Asia collision and the driving force exerted by subduction zones. Each configuration of forces gives a different orientation for the plate boundary torque. We can therefore test which distribution of plate margin forces gives a plate boundary torque with the same orientation as the basal drag torque that is derived from the results of plate reconstructions. This is the configuration of plate margin forces which is consistent with the observed plate motion. We can then infer the asthenospheric viscosity required for the magnitudes of the two torques to balance each other. Given that driving forces are applied to the plate by mid-ocean ridges and subduction zones, and considering the likely values of the resisting forces generated by crustal thickening in Tibet, we find that for the plate boundary and basal drag torques to balance, the tractions on the base of the plate must act to resist plate motions.
[18] Figure 3a shows the precollision and postcollision geometry of the Indian plate. The precollision geometry was constructed using the paleoseafloor age data of Müller et al. [2008b] . The details of the geometry for both ages considered have been simplified, especially where ridges are offset by many transforms. However, the approximate lengths and orientations of the different types of plate boundary have been preserved. Figure 3b shows the Euler poles (in the hot spot reference frame) and basal drag torque orientations of the precollision and postcollision Indian plates. The small white triangles in NW Africa show two estimates of the location of the Euler pole for the time period 51.74 -64.75 Ma, as described earlier. The larger white triangles that are joined by lines to the Euler poles show the corresponding orientations of the basal drag torques. The small diamonds in NE Africa show the Euler poles for the time period 26.55-0 Ma. As before, the larger symbols show the orientations of the torques that result from basal drag.
Constraints on Plate Boundary Forces for the Precollision and Postcollision Indian Plates
[19] Here we test which distribution of plate margin forces gives a plate boundary torque with the same orientation as the basal drag torque, as derived from the plate motion of India. We consider separately the precollision and postcollision situations.
[20] For the precollision configuration we have varied the net force per unit length applied to the Indian plate by the subduction zone on its northeastern margin. Because the ridges and subduction zone boundaries are roughly parallel, changing the force exerted upon the plate by the subduction zone (Fa on Figure 3b ) does little to change the orientation of the plate boundary torque (small white circles on Figure 3b ). If the subduction zone force is $2.5 Â 10 12 N or greater (per unit length along-strike), the plate boundary and basal drag torques have similar orientations. Therefore, for these subduction zone forces, the plate margin forces are consistent with the observed motion of the precollision Indian plate. Given the potential errors in the Euler pole and plate boundary locations, we do not believe we can reliably discriminate between the different net subduction zone forces equal to or greater than $2.5 Â 10 12 N/m.
[21] There is more variation in the orientations of the ridges, subduction zones, and mountain belts on the margins of the modern Indian plate. Therefore, changing the magnitude of the net force from the subduction zones has a larger effect on the orientation of the plate boundary torque (small black circles on Figure 3b ). We have also varied the force applied by the region of the Tibetan Plateau (from the value applied at the subduction zone boundaries, to a resistive force resulting from the presence of a mountain belt). The orientations of the plate boundary and basal drag torques are in closest agreement if the force exerted by the Tibetan Plateau upon the Indian plate (Ft in Figure 3b ) is a resistive force of $5-6 Â 10 12 N/m. In addition, the best match is found if the net force from the subduction zones, not including the now inactive subduction zone in the region of Tibet, is a driving force of $2 -2.5 Â 10 12 N/m (Fs in Figure 3b ).
[22] To give an indication of the errors that may have been introduced by our choices for some of the plate margin forces, we have shown the results of some alternative calculations in Figures S1-S4 in the auxiliary material.
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In these calculations we have varied the force transmitted across strike-slip boundaries to be absent or doubled from the values used above. We have also changed the force exerted by the mountains of New Guinea and southern New Zealand to be 30% more and 30% less than used above. All of these changes have only minor effects on the results of the calculations, because the changes in force are small compared with the total magnitude of the other forces acting upon the plate.
Tractions Applied to the Base of the Indian Plate
[23] For the forces on the plate to balance, the plate boundary and basal drag torques should have the same orientations and amplitudes but opposite signs (since the two vectors must add to zero). The magnitude of the plate boundary torque therefore constrains the magnitude of the basal drag torque, and allows us to estimate the tractions applied to the base of the plate. For the postcollision Indian plate, the basal drag is required to result in a torque of $1.8 Â 10
26 Nm, at 25.6°N 33.8°E, in order to balance the plate boundary torque (according to our preferred model for the plate boundary forces). This corresponds to an average basal traction of $0.47 MPa (t post ), associated with an average plate velocity of $50 mm/yr (V post ). For the precollision configuration, a torque of 1.6 Â 10 26 Nm, at 31.3°N
13.0°W, is required to balance the plate margin forces, implying an average basal traction of $1.1 MPa (t pre ). This value of basal traction is associated with an average plate velocity of $137 mm/yr (V pre ). The factor t post /V post = 3.0 Â 10 14 is similar to the factor t pre /V pre = 2.5 Â 10 14 . Therefore, although the tractions we calculate are higher for the precollision plate, the difference is likely due to the difference in the plate velocity at the two times. The close to linear relation between basal tractions and plate velocity is consistent with our assumption of a Newtonian rheology for the asthenosphere. The tractions we have calculated are used in section 5 to estimate the viscosity of the asthenosphere.
Implications for the Rheology of the Asthenosphere
An Estimate of the Viscosity
[24] To estimate the viscosity of the asthenosphere we adopt the view that the basal traction results from simple shear of a thin low-viscosity layer beneath the plate. In this case the viscosity is simply h = t/(v/h), where t is the average traction on the base of the plate, v is the average velocity of the plate relative to the underlying mantle, and h is the thickness of the layer. Figures 4a and 4b show our estimates for the viscosity of the asthenosphere for the precollision and postcollision configurations. The results of the calculations for the two different times are in good agreement. Our preferred values for the subduction zone force, as estimated above based on plate boundary torque orientations, are shaded in gray on Figure 4 . Our study does not allow any constraints to be placed upon the thickness of the asthenosphere. In Figure 4 the preferred range is taken from Craig and McKenzie [1986] and Robinson and Parsons [1988] , who, on the basis of topography and geoid anomalies in the oceans, estimated the thickness to be 150 km and 100-150 km, respectively. This range is in agreement with the $125 km thickness of the seismically anisotropic layer beneath the Australian continent which was found to have a fast axis parallel to the direction of absolute plate motion [Debayle et al., 2005] . For an asthenosphere thickness of 100-150 km, and a net force from the subduction zones of $2.5 Â 10 12 N/m, we estimate the viscosity of the asthenosphere to be in the range $2-5 Â 10 19 Pa s.
Newtonian or Non-Newtonian Rheology
[25] The torques and Euler poles presented above were computed under the assumption of a Newtonian rheology for the asthenosphere, i.e., a linear relation between basal traction and plate velocity. However, it is unclear if the asthenosphere behaves in a Newtonian or non-Newtonian manner, and therefore if our assumption regarding the rheology is correct. Studies of postglacial rebound suggest that the asthenosphere has a Newtonian rheology [e.g., Karato and Wu, 1993] . However, the presence of seismic anisotropy suggests that dislocation creep is occurring to some extent, in which case it may be more appropriate to assume a non-Newtonian rheology. It is possible that this seeming disagreement may be the result of vertical rheological stratification. To test the effect on the results presented above of using an alternative rheology, we have performed the same calculations assuming a nonlinear viscosity. In this case we assume that the basal traction is proportional to V 1 n , where V is the velocity at a given point and n is the stress exponent from the constitutive law for a non-Newtonian fluid (t = BE 1 n À1 _ , where t is the deviatoric stress tensor, B is a constant, E is the second invariant of the strain rate tensor, and _ is the strain rate tensor). Experimental results [e.g., Hirth and Kohlstedt, 2003] show that for olivine deforming by diffusion creep, n = 1 and the rheology is Newtonian. For dislocation creep, n$3. We have calculated basal drag torques for the case where n = 3, and found that for the two plate configurations considered here, the basal drag torques have orientations that differ by only a few degrees from those computed assuming a Newtonian rheology. This agreement is because the distribution of velocities is roughly symmetric about the ''equator'' from the Euler pole. However, if we assume a nonlinear viscosity the difference in basal tractions between the precollision and postcollision plates cannot be easily reconciled with the same rheology. Figures 4c and 4d show the values of the parameter B in the equation t = B(v/h) 1 n , if n is 3. As can be seen, a single value of B is not compatible with the velocities of both the precollision and postcollision Indian plates, suggesting that our choice of a Newtonian rheology was more appropriate.
Discussion
Causes of the Cenozoic Slowdown of the Indian Plate
[26] The analysis presented above can be used to estimate the extent to which the cessation of subduction along the southern Tibetan margin, and mountain building in central Asia, may have affected the kinematics of the Indian plate. In that regard, it is instructive to consider Figure 3b and synthetic Euler poles (relative to the underlying mantle) that are computed for the modern plate geometry and plotted in Figure 3c . These synthetic poles were calculated by estimating the plate boundary torque corresponding to various values of the resisting force applied along the Himalayan collision zone and of the net subduction zone force, and then finding the location of the Euler pole that would result in a basal drag torque with the same orientation. This plot shows that, for the postcollision plate geometry, the location of the synthetic pole is shifted eastward toward the location of the postcollision Euler pole as the resisting force from Tibet is increased. The date of formation of the eclogites currently exposed in the Himalayas [e.g., de Sigoyer et al., 2000] suggests that slab break off in Tibet occurred before the rearrangement of plate boundaries in the Indian Ocean [e.g., Liu et al., 1983] . During slab break off, the Euler pole of India relative to the underlying mantle would be expected to move SSE, away from the precollision poles. The direction of motion would have a similar azimuth to the line of precollision plate boundary torques shown as white circles on Figure 3b . At this time, the plate has its precollision geometry, but no force is exerted upon it by the region which will become the Tibetan Plateau. Therefore, when the plate boundaries in the Indian Ocean changed geometry, the pole would move from its position SSE of the precollision poles, to the line labeled Ft = 0 in Figure 3c . The plate now has its post collision geometry, but with no force exerted upon it by the region of Tibet. The position of the pole along the line Ft = 0 depends on the force exerted upon the plate by the subduction zones along the other margins (not including the now inactive subduction zone beneath Tibet). During mountain building in Tibet, the pole will then move eastward, from the line labeled Ft = 0, to the line labeled with the current force exerted by Tibet upon India ($5-6 Â 10 12 N/m). If the force exerted upon the plate by the subduction zones on its other margins remains constant, the pole will follow a line of constant subduction zone force ($E-W solid lines in Figure 3c ). As can be seen, this latter motion accounts for most of the change in Euler pole location between the precollision and postcollision configurations (shown schematically in Figure 5 ). It therefore seems that mountain building in Tibet accounts for most of the change in motion of India during the Cenozoic. It is likely that the effects which contributed to the slowdown of the Indian plate did not occur sequentially, as assumed in this discussion, but at overlapping times (Figure 1 ). In this case the Euler pole would not be expected to have followed the precise track described, but the general trajectory would have been similar, and relative importance of the effects would have been the same as described.
[27] As described above, a notable feature of the tectonic history of the Indian Ocean is the rearrangement of plate boundaries on the southern and eastern margins of the Indian plate which occurred around the same time as continent-continent collision and mountain building in the region of the Tibetan Plateau (Figure 1) . It is possible that this may be a coincidence, but we believe it more likely that, as suggested by Liu et al. [1983] , the changing forces on the plate due to the collision in Tibet resulted in the change in plate geometry. When continent-continent collision began in the region of Tibet, the resulting change of forces on the northern margin of the Indian plate will likely have lead to movement of the poles of relative rotation between the Indian plate and the surrounding plates. The Wharton Ridge was offset by a relatively large number of right-lateral and large-offset transform faults (Figure 3) . If the pole of rotation of the Indian plate relative to the plate containing Australia moved, then these transforms would no longer be ideally oriented to accommodate the relative motion between the plates. We suspect that the location of the active ridge may therefore have jumped to between the Kerguelen Plateau and the Broken Ridge, and connected with the ridge south of Australia where spreading was already occurring [e.g., Cande and Mutter, 1982] , because this was energetically more favorable than breaking new transform faults along the Wharton Ridge.
Constraints on the Magnitudes of Plate Boundary Forces
[28] Our estimate for the magnitude of the force exerted by the Tibetan Plateau upon the Indian plate (5 -6 Â 10 12 N/m) is similar to that which would be expected from considering isostatically compensated crustal thickness contrasts ($7 Â 10 12 N/m [e.g., Molnar and Lyon-Caen, 1988] ). The force exerted upon the Indian plate by the Tibetan Plateau is therefore considerably larger than the forces on any of the other boundaries. However, because the mountains form only a small part of the boundary of the plate, they can be supported by the lower forces exerted upon the other plate margins (as pointed out by Sandiford et al. [1995] ). Our estimate for the net subduction zone force is similar in magnitude to the force exerted upon regions of old seafloor by mid-ocean ridges (2.5 -3 Â 10 12 N/m). Our results are consistent with those of Coblentz et al. [1995 Coblentz et al. [ , 1998 and Reynolds et al. [2002] , who showed that to match the stress field within the Australian continent, the subduction zone force had to be similar to or smaller than the magnitude of ridge push.
Constraints on the Rheology of the Asthenosphere
[29] Our study suggests that the tractions on the base of the Indian plate are due to shear in the asthenosphere, and resist the motion with respect to the deeper mantle. We find that, given the decrease of the velocity of India with respect to the hot spot reference frame, a Newtonian rheology is consistent with the difference in basal tractions for the precollision and postcollision plates. The inferred viscosity of $2-5 Â 10 19 Pa s, for a 100-150 km thick asthenosphere, compares reasonably well with independent estimates. For example, the magnitude of geoid anomalies at oceanic fracture zones lead Craig and McKenzie [1986] to estimate that the oceanic plates are underlain by a layer 150 km thick with a viscosity of 1.5 Â 10 19 Pa s. Hager [1991] suggested a model with a viscosity of 2 Â 10 19 Pa s in a 300 km thick layer could explain a range of geophysical observations. Fjeldskaar [1994] used postglacial rebound in Fennoscandia to suggest that the asthenosphere has a thickness of less than 150 km and a viscosity of less than 7 Â 10 19 Pa s. [30] In the calculations presented above we have assumed a uniform viscosity for the asthenosphere. It has been suggested that the viscosity of the asthenosphere beneath the continents may be larger than beneath the oceans [e.g., Ricard et al., 1991] . If this is the case then our estimates for the properties of the asthenosphere should be taken as spatial averages. However, we do not expect that the possible errors introduced by our choice of a uniform viscosity will affect our conclusions.
[31] The final assumption we made regarding the asthenosphere was to neglect the influence of any local variations in the direction of mantle motion relative to the Indian plate. The very observation that we presented above, that the motion of the Indian plate can be explained in terms of the forces on the margins of the plate and basal drag parallel to the plate motion direction, lends support to this assumption. If the motion of the plate was governed by local and spatially variable mantle flow patterns, it would be unlikely that our calculated Euler poles would coincide with those observed.
Diffuse Deformation in the NE Indian Ocean
[32] Based on the observation that deformation at the boundaries of the Indian plate is much more significant than deformation within the plate, throughout this paper we have assumed that the plate behaves in an entirely rigid manner. However, some relatively slow and diffuse deformation is known to occur in the NE Indian Ocean [e.g., Gordon et al., 1998; Deplus et al., 1998; Delescluse and Chamot-Rooke, 2007; Krishna et al., 2009] . Merkouriev and DeMets [2006] suggest that this deformation is the result of the forces applied to the plate by the Tibetan Plateau. The formation of a clear throughgoing plate boundary in this region would have considerable implications for the tectonics of the Tibetan Plateau. If the forces from the ridges and subduction zones that surround Australia were no longer transmitted to the region of the Indian continent, then the Tibetan Plateau would form a much larger proportion of the boundary of the new Indian plate. The smaller forces exerted upon the other (now shortened) margins of the new plate are therefore no longer likely be large enough to maintain the northeastward motion of India. Given the large resistive force exerted upon the plate by the mountains on it's northern margin, the Tibetan Plateau may therefore undergo gravitational collapse, accommodated by reversed motion of the Indian plate.
A More Global Perspective on Plate Driving Forces
[33] Our study has shown that for the Indian plate basal traction resists, rather than drives, the motion of the plate. This finding is in contrast to Bird [1998] , who suggested, based on a global model, that basal tractions may be a driving force. Given that our model only considers the rapidly moving Indian plate, and Bird's is a global model, this disagreement may suggest variations between the plates of the polarity of basal tractions.
[34] Our study additionally shows that the forces per unit length of plate boundary corresponding to ''slab pull'' along subduction zones and ''ridge push'' along oceanic ridges are of a similar magnitude for the Indian plate. One of the most persuasive arguments for the importance of subduction zone forces for driving the plates is the relation between absolute plate velocity and the proportion of a plate's margins that are subducting. Forsyth and Uyeda [1975] showed that the fast moving plates are subducting along a significant length of their boundaries (the Pacific, Indian, Cocos, Philippine, and Nazca plates). The slower moving plates (Eurasia, Antarctica, Africa, North and South America, and Arabia) are subducting along a relatively small proportion of their margins. It is obviously speculative to generalize from our conclusions regarding the forces exerted upon the Indian plate to the rest of the world. However, it is worth considering if our model for India, in which subduction zone forces are approximately equal in magnitude to midocean ridge forces, is compatible with observations from the other plates. Figure 6 shows the relation between plate velocity and the effective proportion of the plate circumference where either subduction or spreading occurs (black circles). The effective length of a ridge/subduction zone is taken to be the length not balanced by an opposing ridge/ subduction zone, and so able to exert a net force upon the plate. We have taken our values for the effective plate boundary lengths from Cox and Hart [1986] , and the absolute velocities of the plates from Gripp and Gordon [1990] . Also shown is the relation between velocity and the proportion of the plate boundary formed by subduction zones only (open squares) and mid-ocean ridges only (open triangles). If mid-ocean ridges are treated as being as important as subduction zones in driving plate motions (black circles), then the general relation between plate velocity and the proportion of the plate boundary providing driving forces still holds. In this case the distribution is more continuous, rather than the bimodal distribution observed if only the subduction zones are considered. The points do not lie on a straight line, and this would not be expected. Our simple treatment of the data only considers constant magnitude driving forces, and does not account for the possibility of variable magnitudes and distributions of resistive forces (such as those from mountain belts), which would be beyond the scope of this study. This simple first-order analysis demonstrates that the variability of absolute plate velocity is relatively well explained globally if the plates are assumed to be driven by forces along subduction zones and mid-ocean ridges that have similar magnitudes per unit length.
Conclusions
[35] We have performed force balance calculations for the Indian plate, for the times before and after the onset of mountain building in Tibet and the rearrangement of plate boundaries in the Indian Ocean. By comparing the torques resulting from forces on the margins of the plate and drag on the base of the plate we have been able to suggest that (1) subduction zones exert a similar force upon the Indian plate as the mid-ocean ridges, (2) the Tibetan Plateau resists the northward motion of India with a force of 5-6 Â 10 12 N/m, and (3) the viscosity of the asthenosphere is 2 -5 Â 10 19 Pa s, assuming a thickness of 100-150 km. We have shown that mountain building in Tibet was the major cause of the Cenozoic slowdown of the Indian plate. The reorganization of the plate boundaries in the Indian Ocean had a more minor effect, and may have actually been a consequence of the collision.
Appendix A: Plate Reconstructions
[36] Table A1 provides Royer and Patriat's [2002] rotation parameters for Capricorn-Somalia, and also our calculated rotation poles for India-Eurasia. These poles were used to derive the rates of motion of India relative to Asia shown in Figure 1 . Ages given in Table A1 are from Cande and Kent's [1995] magnetic reversal timescale. Figure A1 shows a comparison between our estimate of India-Asia convergence, an estimate calculated using the reconstructions used by Molnar and Stock [2009] , and also a third estimate which uses the Molnar and Stock [2009] plate circuit, but different reconstructions in the Atlantic Ocean. This third estimate uses the rotation parameters of Müller et al. [1999] and Gaina et al. [2002] for the central and north Atlantic, rather than those of McQuarrie et al. [2003] (which are based upon Klitgord and Schouten [1986] , Srivastava and Tapscott [1986] , and Srivastava et al. [1990] ).
Appendix B: Potential Energy Contrasts in New Guinea and Southern New Zealand
[37] In this appendix we calculate the potential energy differences between the mountains and lowlands in New Guinea and southern New Zealand, in order to estimate the forces applied to the margins of the Indian plate in these regions. The difference in gravitational potential energy between two isostatically compensated lithospheric columns of unit area is equivalent to the vertical integral of the difference in vertical normal stress between the two areas, i.e., DGPE = R Ds zz dz, where the integral is between the surface of the mountains and the depth of isostatic compensation, s zz is the vertical normal stress (@s zz /@z = rg), and Ds zz refers to the difference in s zz at a given depth between the two lithospheric columns being considered [e.g., Molnar and Lyon-Caen, 1988] .
[38] The mountains of New Guinea rise to altitudes of $3.5 km in the long-wavelength topography. The crustal thickness in the region is not well known, so we have Figure 6 . The relation between absolute plate velocity [Gripp and Gordon, 1990] and the effective proportion of a plate boundary where driving forces are applied [Cox and Hart, 1986] . Black circles represent a situation where ridges and subduction zones apply the same force to the plates. Open squares show the contribution from subduction zones, and open triangles show mid-ocean ridges. Plate abbreviations are EUR, Eurasia; ANT, Antarctica; AF, Africa;, NA, North America; SA, South America; AR, Arabia; NAZ, Nazca; CO, Cocos; IND, India; PH, Philippine; PAC, Pacific. The open symbols are not labeled but are vertically beneath the black circle that corresponds to the same plate. assumed values of 30 km beneath the lowlands and 55 km beneath the mountains (a likely value for an isostatically compensated 3.5 km high mountain range). The resulting potential energy contrast between the mountains and the lowlands in this situation is $4 Â 10 12 N per unit length along strike.
[39] The mountains of the south island of New Zealand rise to $2 km in the long-wavelength topography. The crustal thickness is a maximum of $45 km beneath the highest mountains, and is $25 km beneath the lowlands [Scherwath et al., 2003] . The potential energy difference between the mountains and the lowlands is therefore $2 Â 10 12 N per unit length along strike. 
